The defect characteristics of cerium oxide (CeO2) nanoparticles prepared through a solvothermal process and doped by europium to dierent concentrations ([Eu] = 0, 0.1, 0.5, 1, . . . , 50 wt%) were studied by positron lifetime and coincidence Doppler broadening measurements. The particle sizes estimated from X-ray diraction showed a reducing trend with increasing doping concentration except an increase during [Eu] = 0.11 wt%. The latter eect is attributed to the reduction of Ce 4+ ions to Ce 3+ resulting into the release of vacancies and formation of Ce 3+ --vacancy associates. The lattice parameter increased with the decrease in particle size. Quantum connement eects were observed in optical absorption studies as increase of band gap in particles of sizes below 78 nm. The vacancy--type defects were investigated by positrons. A lifetime of 176 ± 4 ps less than 187189 ps reported for positrons in bulk CeO2 reveals trapping of positrons in vacancy-type defects within the nanocrystallites. The defect-specic positron lifetime is admixed with that at the crystallite surfaces and it increased due to vacancy agglomeration at higher doping concentrations. Coincidence Doppler broadening studies indicated positron annihilation in defects surrounded by oxygen ions and the SW plot showed the eect of quantum connement through a peak-like kink or shoulder in the plot. Optical absorption studies have supported this observation.
Introduction
The defect characteristics of semiconductor nanocrystalline materials are of foremost relevance when they are considered for applications in science and technology, the reason being rather simple that their properties are overwhelmingly modied, if not decided, by the defects formed in various forms and at various sites within the lattice [1, 2] . Not surprisingly, there is an increasing interest in investigating their behaviour under dierent physical conditions using diverse experimental techniques. In this work, we have chosen nanoparticulate cerium oxide (CeO 2 ) doped by europium ([Eu] = 0, 0.1, 0.5, . . . , 50 wt%) as a potential case for investigation for their defects and defect-related aspects by, among other techniques, positron lifetime and coincidence Doppler broadening spectroscopic (CDBS) measurements. The utility of positron annihilation spectroscopy for this kind of studies is by now well established and review articles on the subject are available in literature [3, 4] .
Experimental details
The samples were prepared through a solvothermal process at 180
• C for 12 h using Ce(NO 3 ) 3 ·6H 2 O, ammonia and Eu(NO 3 ) 3 ·5H 2 O as essential reagents. The precipitates in ne powder form were collected, washed * corresponding author; e-mail: pmg.nambissan@saha.ac.in ing that the rest of the components originated from the source material and the foil. Source correction has been done to remove these contributions when the spectra were analysed using PALSt [5] .
The positron lifetime spectra were recorded using a slow-fast coincidence spectrometer with resolution 170 ps and about 1×10
6 coincidence counts were acquired under each spectrum. The CDBS measurements were carried out using two high pure Ge detectors of energy resolution 1.27 keV and 1.33 keV at 511 keV and kept on either side of the source-sample assembly facing each other.
The data to yield about 8 × 10
6 coincidence events under the 2d-spectrum were acquired and analysed using the (756) software LAMPS developed by TIFR-BARC Pelletron Group, Mumbai [6] . During the measurements, the glass tube containing the sample and the source had been continuously evacuated to p = 10 −3 mbar to get rid of air or absorbed gases and keep them in dry conditions.
Results and discussion
The samples were characterized for the purity of phase by X-ray diraction (Fig. 1 ). The patterns exhibited peaks which could be indexed to a cubic uorite phase of ceria. The particle sizes were estimated from peak width analysis and using Scherrer equation [7] rameter increased with the decrease in particle size and decreased when the particle sizes increased in the intermediate range of doping. This resulted into a linear relation between the two physical parameters when plotted in a loglog scale [8] . Further, optical absorption measurements had shown quantum connement eects which manifested in the form of increase of band gap in particles of sizes below 78 nm [8] .
The vacancy-type defects were investigated using formed in the intercrystallite regions. Their variations have been discussed elsewhere [8] .
The results of CDBS, as given in Fig. 3a in the form of ratio curves generated with respect to high pure (99.999%) single crystalline Al, show a prominent peak appearing at p L = 9.4 × 10 −3 m 0 c which arises from the 2p electrons of oxygen. The spectra had been normalized for same area within a momentum spread of p L = ±50 × 10 −3 m 0 c on either side of the peak of the actual experimental spectra and the full ratio curves also included a number of other peaks which are not discussed here [8] . The amplitude of this peak with Eu concentration in the samples shows a characteristic decrease during
[Eu] = 0.1 to 1 wt% (Fig. 3b) . Remarkably, this is the range of concentrations where almost all parameters like particle size, lattice constant, and positron lifetimes mea- The SW plot expectedly is a straight line (Fig. 4a ).
However, a change of the leading parameter from the concentration of doped Eu ions to the particle sizes gives another interesting feature. It gives a peak-like kink or shoulder indicating phenomena other than defect evolution or defect interaction at this stage (Fig. 4b ). This has happened at around the same particle size below which a characteristic blue shift had been observed in the optical absorption spectra and a corresponding increase in the band gap energy [8] . A deterministic process that can bring in a changed electronic density and momentum distribution is the quantum connement eect where the reduced probability of annihilation of positrons with core electrons results in a conspicuous rise of the S parameter. In a way it proves that positron annihilation as a technique is reliable for better understanding of the size--induced changes and defects-related aspects in nanocrystalline systems. 
